generate both Ura ϩ and Ura Ϫ cells at the same frequen- The metastable silencing of FLO11 is similar to position-effect silencing described for subtelomeric transgenes (Gottschling et al., 1990). To determine whether FLO11 silencing is dependent upon its genomic location, the P FLO11 -URA3 allele was moved to the URA3 locus, which is located ‫21ف‬ kb from the centromere on the left arm of chromosome V (see Table 1 ). The ura3::P FLO11 -URA3 strains fail to grow on media containing 5-FOA ( Figure 1C) , suggesting that the FLO11 promoter is not silenced when positioned at the URA3 locus. Therefore, silencing of FLO11 is position dependent.
However, in contrast to telomere silencing, silencing of FLO11 is promoter specific. When the URA3 gene with its own promoter is placed at the FLO11 locus, it is not silenced (flo11::URA3, Figure 1C ), suggesting that factors that specifically recognize the FLO11 promoter regulate silencing at this locus. A candidate for this promoter-specific factor is Sfl1p, which inhibits expression of FLO11 ( hda1 Ϫ P FLO11 -URA3 strain fails to grow on media con- Table 1) . A clonal population of cells arising from a single taining 5-FOA ( Figure 1C ), demonstrating that Hda1p is haploid cell is not homogeneous: some cells express necessary for silencing FLO11. Since Hda1p deacetyFlo11p, staining brightly with the HA-specific antibodies, lation appears to be restricted to specific regions of whereas other cells from the same culture do not exthe genome, the requirement for Hda1p might explain press Flo11p and fail to stain ( Figure 1A) . the position dependence of FLO11 silencing; although the To demonstrate whether heterogeneous Flo11p exfactors that localize Hda1p activity are still unknown. In pression is due to transcriptional regulation of the FLO11 addition, Hda1p is recruited to specific promoters by gene, the chromosomal FLO11 ORF was replaced with Tup1p (Wu et al., 2001 ), which in turn has been shown the URA3 ORF to generate a P FLO11 -URA3 allele ( . A 4p, show no effect on FLO11 silencing as measured by clonal population of cells bearing the chromosomal the activity of the P FLO11 -URA3 allele (data for sir2 Ϫ P FLO11 -URA3 allele, when grown initially under nonselecshown; Figure 1C ). The failure of these genes involved tive conditions, contains some cells that are Ura ϩ and in telomere silencing to affect FLO11 expression is not others that are 5-FOA R ( Figure 1C ). This heterogeneity entirely surprising because FLO11 is quite far from its agrees with the immunofluorescence analysis: a populatelomere (Ͼ40 kb Ϫ mutants show a similar wrinkled morphology), or such that GFP gene expression would be regulated by GAL1 promoter-driven expression of the FLO11 gene the FLO10 promoter (see Table 1 ). As a control, the (data not shown), also manifest the wrinkled colony morfluorescence generated by GFP expression was anaphology phenotype. lyzed when transcription of the GFP gene is controlled These results suggest that altered expression of by the endogenous URA3 promoter on chromosome V FLO10 and FLO11 plays a role in several of the pheno-(P URA3 -GFP). The expression of GFP in the URA3 protypes produced in wrinkled Ira Ϫ mutants. To determine moter-regulated construct is homogeneous ( Figure 5A ). whether the expression of either of these genes is alIn contrast, GFP regulated by the endogenous FLO10 tered in variant strains, total RNA was isolated from a promoter (P FLO10 -GFP) has a very different pattern of exsmooth Ira ϩ strain and two rough Ira Ϫ variants (ira1-12 pression. In Ira ϩ strains, the FLO10 promoter is inactive and ira2-6). Northern analysis of these RNA samples and no GFP expression is observed. In ira1 Ϫ strains (or (Figure 4) To dissect the FLO10 silenced and desilenced states, and Supplemental Figure S1 on Cell website for FLO10).
we replaced the endogenous FLO10 ORF with the URA3 Messages for the other known adhesins, FLO1, 5, and ORF (Table 1 ). The phenotype of ira1 Ϫ P FLO10 -URA3 9, could not be detected by Northern analysis in either strains is both Ura ϩ and 5-FOA R ( Figure 5B ). This result Ira ϩ or Ira Ϫ strains. Therefore, mutations at the IRA loci is consistent with the previous observation that GFP result in a phenotypic switch in colony morphology and expression is variegated when driven by the FLO10 proaltered cell-surface adhesion. Several of these new traits moter. are dependent on transcriptional activation of FLO10.
To determine whether the silenced state of FLO10 is reversible, cells bearing the P FLO10 -URA3 allele were Epigenetic Regulation of FLO10 isolated from 5-FOA grown colonies, grown on YPD To determine whether the epigenetic silencing effects media overnight, and re-plated onto SC, SC-Ura, and SCϩ5-FOA media. The frequency of Ura ϩ colonies is observed at FLO11 extend to other FLO gene family is dependent on its genomic positioning. Since FLO10 silencing is dependent on its subtelomeric location (FLO10 is only ‫71ف‬ kb from a telomere, much closer than FLO11), strains containing deletions of several genes required for telomere silencing were constructed and tested for silencing of the FLO10 promoter. Sir3p and Sir4p associate with Sir2p at the telomeres and silent mating loci and is required for silencing at these sites ( To determine whether any of the other Sir2p homoTo establish whether the silencing at FLO10 requires sequences specific to the FLO10 promoter, a flo10:: logs, Hst1p-Hst4p (Brachmann et al., 1995), play a role in FLO10 silencing, Ira Ϫ mutants lacking each of the HST URA3 allele was constructed. This allele is similar to the P FLO10 -URA3 allele used earlier, except that in this second genes were assayed for silencing of the P FLO10 -URA3 allele. Both HST1 and HST2 are necessary for silencing strain, URA3 is regulated by its own promoter (Table 1) and located at the FLO10 locus on chromosome XI. An at the FLO10 promoter ( Figures 5A and 5B) , whereas deletions of either HST3 or HST4 have no effect on ira1 Ϫ flo10::URA3 strain does not silence the URA3 gene. It grows on SC-Ura media but fails to grow on 5-FOA silencing at FLO10. Figure 5B) . Therefore, the silencing observed at the FLO10 locus is likely to require factors that specifitagged alleles of HST1 and HST2 were analyzed by PCR probes to determine whether Hst1/2p silencing of FLO10 cally recognize and associate with the FLO10 promoter.
Chromatin immunoprecipitations of MYC epitopemedia (
Sfl1p is a likely candidate for directing silencing to is through interaction of these HDAC proteins with the FLO10 promoter. A region of the FLO10 promoter (Ϫ900 the FLO10 promoter as Sfl1p represses transcription at both FLO11 (Pan and Heitman, 2002; Robertson and to Ϫ1175) is enriched in the immunoprecipitate fraction of Myc-tagged Hst1p and Hst2p strains over untagged Fink, 1998) and FLO10 (Supplemental Figure S1 on Cell website) and is also required for silencing at FLO11 strains ( Figure 5C ). Different regions of the FLO10 promoter (Ϫ2050 to Ϫ1800 and Ϫ550 to Ϫ300) as well as ( Figure 1C ). An sfl1 Ϫ mutant fails to silence the P FLO10 -URA3 allele (Figure 5B ), suggesting that Sfl1p recognia probe to the URA3 promoter show little enrichment in the immunoprecipitate of tagged fractions over untion of the FLO10 promoter may be important for the promoter specificity of silencing at FLO10. tagged fractions ( Figure 5C ). To test whether Sfl1p is necessary for recruitment of To determine whether the epigenetic silencing of the FLO10 gene is position dependent, we constructed the Hst1/2p HDACs to the FLO10 promoter, sfl1 Ϫ strains were analyzed for association of both Hst1p and Hst2p strains in which either the P FLO10 -GFP or the P FLO10 -URA3 allele was moved to the URA3 locus (Table 1) . Neither with the FLO10 promoter. Loss of Sfl1p function leads to a disassociation of both Hst1p and Hst2p with the of these alleles is silenced at the URA3 locus ( Figures  5A and 5B) . Therefore, silencing of the FLO10 promoter Hst1/2p-associated region described above. Immuno- Table 1 for expression constructs). As a control, a similar construct was generated at the URA3 locus, such that the URA3 promoter was responsible for GFP expression (P URA3 -GFP). There is no observable FLO10 expression in Ira ϩ silencing mutants (sir3, yku70, yku80, hst1, and hst2; Supplemental Figure S2 ), supporting a model in which the silencing of the FLO10 promoter by Hst1/2p is a separate pathway from the PKA-dependent activation of FLO10 in Ira Ϫ cells (Supplemental Figure S1) . Since coimmunoprecipitation of Hst1p and Hst2p with the FLO10 promoter is observed in Ira ϩ cells ( Figure 5C ), this silencing potential may be present at the FLO10 locus even when it is inactive.
Discussion
The experiments described here demonstrate that rapid variation in S. cerevisiae cell-wall glycoproteins results 
